Standard metabolism is the energy requirement, usually measured over short periods, of an individual at complete rest and in a postabsorptive state and is of considerable importance to physiologists. Of greater ecological interest, however, is the energy requirement of normal activities under free-living conditions. This may be approximated (within about 13 per cent in the Blue-winged Teal,
With caged birds, the caloric value of the excreta (excretory energy, including the wastes from both the alimentary tract and kidneys) subtracted from the gross energy (intake over a period of days) gives the metabolized energy. When the bird maintains a constant weight, the energy metabolized is sufficient just for existence. This existence energy, or existence metabolkm, progressively increases with decrease in ambient temperature to a maximum at the lowest ambient temperature tolerated ( Kendeigh 1949; 1969) .
Existence metabolism includes the energy expended in standard metabolism, specific dynamic action, and locomotor activity within the cage. Cages vary in size, dependent on the species, to permit approximately the same amount of free movement, e.g., hopping but not flight (Martin 1967) . The energy cost of free existence is greater than that of cage existence in proportion to the amount of locomotor activity involved. Existence energy requirements in cages, measured for 18 species weighing from 9 to 4300 g and belonging to three different orders, provide sufficient data to test variation with the size of the bird and to correlate existence metabolism with standard metabolism.
The a values in the generalized equation M = a -bt represent existence metabolism at 0°C and in some species are significantly, but not proportionately higher in birds under a long rather than a short photoperiod. The b values, representing the slopes of the regression lines or the temperature coefficients, do not differ consistently between the two photoperiods. When existence energy is plotted against species weight separately for the long and short photoperiods, the two regression lines have the same slope and the difference between their elevations is not statistically significant. The means of the two photoperiods have therefore been used to represent all species. Where there are significant differences in existence metabolism between sexes correlated with weight, the data are analyzed separately. The number of data points entering into the regressions is therefore greater than the number of species. Separate regression lines for passerine and non-passerine species at 30°C do not differ in slope but are significantly different in elevation; they do not differ at 0°C and hence the data have been combined to give one regression line at this temperature ( fig. 1 ) .
The equations for existence metabolism (&I), as a function of temperature (t), are given for the significant (P < 0.05) linear regressions in order to be comparable for the various species (table 1) The slopes of the regression lines for existence energy at 30°C in figure 1 and standard metabolism in the zone of thermal neutrality are not significantly different statistically, but the elevations are. In some species, 30°C may be slightly below the lower critical temperature of the zone of thermal neutrality, but in most species it is well above it. The average increase of existence metabolism at 30°C over standard metabolism is 31 and 26 per cent in passerine and non-passerine species, respectively. The somewhat greater energy cost of cage existence in passerine than in nonpasserine species may be a reflection of their greater activity.
The flatter slope of the regression line for existence energy as a function of weight at 0°C than at 30°C indicates that small species within each group are compelled to increase their heat production for body temperature regulation to a greater relative extent than are large species (Kendeigh 1969). The temperature of 0°C is approximately the lower limit of ambient temperature tolerance of many small tropical and migrant passerine species (Cox 1961; Zimmerman 1965; El-Wailly 1966).
The relation of metabolic rate to size of animal has long been of interest to physiologists. The "law of surface areas" (Rubner 1883; Richet 1685) maintains that the rate of heat production at the level of standard metabolism in the zone of thermal neutrality is controlled by the rate at which it is lost from the body and hence is proportional, not to body weight KENDEIGH (Wl,O), but to the external surface area (W".667). The metabolic rate is relatively greater in small than in large animals because of the greater ratio of surface area, concerned with heat loss, to body mass, concerned with heat production. There is much controversy about this "law," and it is now evident that factors other than external surface area may be involved, such as internal surfaces for absorption of food and oxygen in digestive and respiratory tracts, rate of oxygen transport in the blood, concentration of cellular enzymes and mitochondria, and proportion of body organs with high energy requirements to the total body mass (Kleiber 1961). Several of these factors, however, may be adaptations or adjustments for maintaining different rates of metabolism rather than a direct cause of the rates themselves.
In view of these criticisms, any relation between external surface area, rate of heat loss, and rate of heat production is of special interest.
Although the body is covered with feathers, the insulative properties of this coat of feathers may vary in birds of different sizes. Heating engineers have long known that a given thickness of insulative material is less effective in protecting small as compared with large steam pipes. Dilla et al. (1949), in studying the science of clothing, derived the following equation for the insulative value of fabrics on spheres of different sizes: Z,LxX K r+x
where I = insulation index ( "C/cal-set-cm2), r = radius of the sphere, r = thickness of the insulation, and K = conductivity of the fabric. Assuming that the body of a bird approaches a sphere, that the conductivity of feathers is a constant so that K is removed from the equation, and that the specific gravity of birds is 1, then the insulation index of a 100-g bird with a plumage thickness of 1.0 cm is 0.74. The 4 0, w-0.608 ( x 10-l (1950) have shown by direct measurement that heat transmission through mammalian fur decreases, and therefore its insulation value increases, proportional to its thickness, at least up to a certain maximum. Probably the same relation holds with bird plumages. In order to determine the relation of heat flow to the size of the bird and to the characteristics of the plumage, consideration will be given to "thermal conductance" and the density and mass of the feathers.
where C is kcal/gram-hour-"C and W is weight in grams. A very similar equation is given by Herreid and Kessel (1967).
An analysis of the data for 18 non-passerine and 17 passerine species presented by Lasiewski et al. (1967) indicates that regression lines for thermal conductance as a function of species weight for these two groups are not significantly different.
Regression equations for number and weight of feathers, as functions of body weight, have been calculated from data given by Wetmore (1936) for 62 passerine species. Number of feathers (F, = number per bird) varies as Thermal conductance is commonly calculated by dividing the rate of standard metabolism by the difference between core and ambient temperatures and is usually minimal at or below the lower critical temperature of the zone of thermal neutrality. This is a general term, as heat is transferred from the core of the body to the skin and the surface of the plumage partly by conduction and partly by blood flow and is then lost to the surroundings by conduction, convection, evaporative cooling, and radiation. Evaporative cooling, principally through the mouth and respiratory system, is most important at high ambient temperatures; radiation generally is most important at medium and low temperatures. The slope (0.9591) is not statistically different from 1.0 and the equation is very similar to the one given by Turcek (1966) . Palmgren (1944) and Brody ( 1945) have also shown the almost direct relation of weight of feathers to weight of birds.
The total heat flow from the bird to the environment is, of course, greater in large than in small birds (table 2) but of greater significance is that, per unit weight or surface area, it varies inversely with size. Insulation is the reciprocal of thermal conductance, and hence is poorer in small than in large species, in agreement with engineering concepts.
Lasiewski et al. (1967) have calculated a
Hutt and Hall ( 1938) noted some years ago regression equation for thermal conductance, that the number of feathers per gram or square based on data for 35 passerine and noncentimeter increases with a decrease in the size of the bird, as shown in table 2. This would seem to give small birds better insulation than large birds. However, weight is probably a better index of the insulative properties of the plumage since weight integrates number, length, size, and specific gravity of the feathers and bears some relation to the thickness of the plumage. The weight of the plumage per unit surface area is less in small than in large species, which is in agreement with the greater thermal conductance and poorer insulation of small species.
This discussion should indicate that the relative size of the external surface is a factor affecting the rate of metabolism but in a more complex manner than envisaged by the early physiologists. It is not simply that smaller birds have a greater surface area for radiating heat in proportion to body mass for heat production, but that smaller birds, because of their size, are incapable of carrying as good insulation in the form of heavy plumage.
The equations for existence metabolism presented here should prove useful in predicting values for other species where direct measurements are not convenient or practicable. Why the relation between existence metabolism, as well as standard metabolism, and weight should differ between passerine and non-passerine species at high ambient temperatures is not clear. There appears to be no difference between the two groups in thermal conductance, hence in the insulative characteristics of their plumages. The higher rate of metabolism in passerine species is, however, related to the generally higher body temperatures found in passerine species (Wetmore 1921). In a recent compilation, to be published elsewhere, median core or body temperatures of birds at rest range from 37.1" to 41.4"C in 16 non-passerine orders, including 138 species. The median core temperature of 49 species of Passeriformes is 42.0%. However, the higher body temperatures of passerine species is probably the result, and not the cause, of their higher metabolism. The cause of the higher rate of metabolism in Passeriformes must be sought elsewhere.
SUMMARY
Energy requirements for existence of birds maintaining constant weight in cages have been calculated as the difference between gross energy intake as food and energy loss in excreta. Equations are presented for the relationship of existence metabolism to temperature for each of 18 species, and for the variation of existence metabolism of all species as a function of weight at 30" and at 0°C. The cost of cage existence is calculated as the difference in existence metabolism at 30°C and standard metabolism in the zone of thermal neutrality, and is equivalent to 31 and 26 per cent of standard metabolism in passerine and non-passerine species, respectively. The relatively higher rates of metabolism and greater sensitivity to cold in small species are related to their less effective feather insulation.
